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doi:10.1016/j.ejvs.2008.02.015Abstract Objectives: Modular component separation following endovascular aortic repair is
recognized as a potential source of late failure. The aim of this study was to establish the ex-
tent of component separation occurring in branched and fenestrated endografts and to ascer-
tain any factors that predict its occurrence.
Design: An analysis of component relationships following fenestrated and branched endovascu-
lar aneurysm repair was conducted on all patients with >1 year of digital imaging data. A
mathematical model was developed, and retrospectively applied, to determine the minimum
stentgraft overlap required to preclude any risk of component separation.
Results: Of the 184 patients treated prior to 2006, data (for patients with greater than 1 year
follow-up) were available for 106 patients. Fourteen (13%) had evidence of inter-component
movement of which 8 developed component separation (<2 stent overlap). All 8 patients with
component separation, in addition to 38% of the total cohort, were identified as being at risk
for eventual component separation using the mathematical model.
Conclusions: Component movement is commonly observed in modular devices, but clinical
consequences are rare. The degree of overlap, aneurysm diameter, aneurysm length, and
stentgraft diameter can be used to predict the risk of inter-component movement which
may result in component separation.
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ty for Vascular Surgery. PublisheIntroduction
An inadequate proximal neck, as a result of short length,
large diameter or excessive angulation remains one of the
most frequent criteria precluding the placement of an
infrarenal endograft.1,2 Fenestrated and branched endog-
rafting have extended the applicability of endovasculard by Elsevier Ltd. All rights reserved.
Component Separation in Complex Endografts 3repair into the visceral aorta, thereby extending the poten-
tial for fixation and sealing. Results to date have established
its feasibility, demonstrated a high rate of technical success
rate and intermediate term safety.3e5
Endovascular failure modes include procedure related
complications and issues detected during follow-up including
endoleaks, device integrity issues, limb thrombosis, branch
thrombosis, migration and component separation.5e9 Modu-
lar designs for endografts facilitate delivery and allow for
intra-operative tailoring of designs to fit specific anatomies.
Such designs also may allow for the implanted prosthesis
graft to conform to patient anatomy in the absence of
movement of the proximal or distal sealing and fixation
zones. However, modular joints by definition, have a risk
of separation, and thus have a potential failure mode which
does not exist for unibody devices. This has heretofore
been recognized in the context of separation of a contralat-
eral limb from the main body of a bifurcated infrarenal de-
vice leading to a type III endoleak and repressurization of
the aneurysm. This problem is uncommon with current
designs,10 but the risk becomes more pronounced with in-
creased complexity, number of modular joints, or extended
length of coverage. Initial fenestrated designs had a bifur-
cate body which contained the fenestrations. This evolved
into a tubular component in which fenestrations were cre-
ated. A bifurcated body is then inserted into the fenes-
trated tubular graft to complete the aortic portion of the
repair (Fig. 1).11
The decrease in cross sectional area at the bifurcation
coupled with the usual posterior angulation in the aorto-
iliac region, results in bifurcated devices in this region
being subject to considerable caudad displacement
force.12,13 This force tends to cause conventional endog-
rafts to migrate distally. In a fenestrated device, if the bi-
furcation is firmly attached to the component containingFigure 1 Branch graft demonstrating extensive overlap be-
tween tubular and bifurcate components.the visceral branches, the force on the bifurcation would
also be borne by the fixation system above the visceral
branches. However, with the current design of Zenith
fenestrated device, distal movement of the bifurcate com-
ponent will cause a change in the inter-component re-
lationship between the proximal tubular component
containing the fenestrations and the distal bifurcate com-
ponent. This may mitigate the risk of migration of the prox-
imal or distal fixation segments. However, such inter-device
movement, if unchecked, creates the potential for com-
plete component separation, resulting in a type 3 endoleak
with risk of rupture. The purpose of this study was to assess
the severity and degree of separation occurring between
the tubular and bifurcate components of fenestrated and
branched endovascular grafts, and to determine a method
of predicting which patients may be at risk for complete
component separation.
Materials and Methods
Patients
This study included all patients implanted with fenestrated
or branched devices to treat juxtarenal, or thoracoabdo-
minal aneurysms between 2001 and 2005 at our institution.
Patients signed an informed consent form approved by our
institutional review board. Detailed image analyses were
conducted only if baseline and follow-up (minimum of 12
months) digital data were available. All implanted devices
were Zenith Fenestrated or Zenith Branched endovascular
grafts (Cook Inc, Bloomington, Ind, USA). Details of the
implantation procedure and characteristics of the mating
devices have been previously published.14
Image acquisition and reconstruction
Imaging studies were performed at discharge, 1 month, 6
months, 12 months and yearly thereafter. High resolution
contrast-enhanced spiral CT studies of the chest, abdomen,
and pelvis were acquired by using a collimation appropriate
to the type of CT scanner (2.5 mm for a 4-row scanner,
0.75 mm for a 16-row scanner, and 0.6 mm for a 64-row
scanner). All CT data were acquired by using Siemens CT
equipment (Siemens, Erlangen, Germany). All analyses
were performed on a three-dimensional workstation (Aqua-
riusWS; Terarecon, San Francisco, Calif).
Definition inter-component relationships
No formal descriptions have been published differentiating
inter-component movement and component separation.
Extrapolating from the reporting standard definition of
migration (>10 mm or clinically relevant movement), we
propose the following definitions regarding the relationship
between components:
1) Component movement: Movement of one component
>10 mm relative to another.
2) Component Separation: evidence of component move-
ment which has led to an inadequate overlap length
4 J.F. Dowdall et al.as described in the device ‘instructions for use’ (two
stent lengths for the fenestrated tubular and bifurcate
components) or clinical symptoms relating to move-
ment, or the need for a secondary intervention to ad-
dress the issue.
3) Migration: evidence of movement of either the proxi-
mal or distal fixation system relative to the native ar-
terial vasculature of greater than 10 mm, or any
movement resulting in a clinical consequence or sec-
ondary intervention.
Migration and Component Movement Analyses: Migra-
tion analyses and component separation analyses were per-
formed separately. Migration analysis determined whether
there was evidence of device movement relative to fixed
anatomic landmarks. Component movement analysis on
the other hand refers to movement of one component
with respect to another without reference to any anatomic
landmark.
Screening techniques using centerline of flow (CLF). A
CLF was generated by using semiautomated centerline al-
gorithms on an imaging workstation. The calculated center-
line was confirmed manually by scrolling through theFigure 2 (a) First appearance of the proximal stent graft. (b) Fir
tralateral limb of the bifurcate component (indicated by arrow).images in axial, coronal, and sagittal planes to ensure
that any imaging artifacts did not interfere with the CLF
derivation. Reconstructions perpendicular to the CLF were
then displayed in a two-dimensional format from which di-
ameter and length measurements were calculated. When
assessing for inter-component movement, the proximal ref-
erence points utilized included the first appearance of the
proximal stent graft (Fig. 2(a)) and the first full ring of the
stent graft (Fig. 2(b)) on the tubular component. The distal
reference point was the first appearance of the gold marker
shaped as a ‘check’ located on the contralateral limb of the
bifurcate component (Fig. 2(c)). Migration analyses were
performed using the left common carotid artery or celiac
artery as proximal native reference points as previously de-
scribed.15 Length measurements were obtained from the
first appearance of the proximal stent graft and the first
full ring of the stent graft to the first appearance of the
check mark on the bifurcate component e the mean of
these measurements was taken as the length (Fig. 3(a)
and (b)). Post eoperative scans were compared with the
most recent available scan to determine if the distance be-
tween these points had increased, indicating component
movement. Each length measurement was repeated on 3st full ring of the stent graft. (c) The ‘check’ mark on the con-
Figure 3 (a) Centerline measurement of the length measure-
ment immediately post operatively. (b) Centerline measure-
ment of the length measurement 3 years post operatively,
demonstrating increased length of 11 mm indicating compo-
nent separation.
Figure 4 Surface rendered image of the same patient as in
Fig. 2 reconstructed with an edge detection algorithm to visu-
alize stainless steel stents, antero-posterior view (a) and lat-
eral view (b) Arrows indicate the extent of overlap.
Component Separation in Complex Endografts 5occasions (by 3 observers blinded to previous results) and
the mean measurement was used.
The number of overlapping stents was identified using
a surface rendered 3D CT image reconstructed from data
specifically designed to enhance edge detection algorithms
allowing visualization of metallic elements (nitinol or
stainless steel, Figs. 4 and 5). Patients were categorized
into those with greater than or less than 2 stents of overlap.
Additionally the degree of stent movement in anterior/pos-
terior and lateral planes was characterized by measure-
ment of the distance of the graft from the anterior,
posterior and lateral aneurysm walls at the point of maxi-
mum diameter on the CLF at each time-point.
Maximal aneurysm diameter was measured on each
study at the point of largest dimension in reconstructions
perpendicular to the CLF. Other parameters recorded
included endoleaks, secondary interventions, stent frac-
ture, branch patency and mortality. These factors were
analyzed to assess whether any of them correlated with the
presence of component movement or separation.
An algorithm was devised using numerical computing
software (MatLab, Mathworks, MA) to predict the maxi-
mum amount of possible inter-component movement and
thereby derive the minimal overlap required to preclude the
risk of complete component separation. Several assumptions
were required to calculate this in a patient specific manner.
First, we assumed that the stentgraft cannot extrude
through the confines of the aneurysm sac, that the sac is
uniformly fusiform, and circular in transverse section, and
that the aneurysm sac would not grow. Secondly, the arc
representing the anterior aspect of the aneurysm sac would
be the ultimate position of the stentgraft. Thirdly, lateral
movement of the stentgraft would beminimal in comparisonto movement in the anterior and posterior planes. All cases
were evaluated for adherence to these assumptions. The
maximal arc length of the anterior aneurysm wall was
calculated using Equation 1. This algorithm requires three
anatomical inputs (Fig. 6):
1) centerline-distance from the lowest renal artery to the
aortic bifurcation (c),
2) maximum aneurysm diameter (2a)
3) straight-line distance between the lowest renal artery
and the aortic bifurcation (b).
Figure 5 The same patient 3 years later. It can be clearly
seen that the overlap zone, indicated by the arrows, has short-
ened by almost a complete stent length. However, it remains
greater than the critical 2 stents.
Equation 1 (a) is the height of the arc of the parabolic curve
corresponding to the maximum aneurysm diameter, (b) is the
length of the base of the parabola equivalent to the axial dis-
tance from the renal artery to the aortic bifurcation, and (c) is
the parabolic arc length analogous to the flow centerline dis-
tance between the renal artery and the aortic bifurcation
(see Fig. 5).
Figure 6 An illustration of a segment of parabola (ABC) used
to determine the minimum overlap for a stentgraft given aneu-
rysm radius (a) and distance (b) from the aneurysm neck to the
bifurcation.
6 J.F. Dowdall et al.The computation of the minimal stentgraft overlap is
done iteratively by first calculating the stentgraft’s im-
planted arc length (c1) and than its arc length (c2) as the
stentgraft would sit against the anterior wall of the aneu-
rysm. The difference in the two arc lengths summed with
the desired two-stent overlap (approximately 40 mm) equa-
tes to the minimal component overlap. The two-stent over-
lap, as previously mentioned, is the minimum overlap
suggested by the manufacturer to maintain integrity of
the construct. The analytical model can be used on either
existing implants to assess the for risk of componentseparation or to determine the minimal amount of overlap
required to preclude any risk of component movement to
less than 2 stents of overlap.
Statistical analysis
Generalized linear models were used to examine the
relationship between the measure of separation and AAA
size, endoleak, secondary procedure, stent fracture,
branch occlusion, and migration. The data were examined
in two ways. The first analysis was run on all of the data
while the second analysis was run on the data after it had
been partitioned on the basis of extent of separation.
These two smaller data sets consisted of data where the
movement was either less than or equal to 10 mm or
greater than 10 mm. In every case the Tukey-Kramer cor-
rection was applied to the pairwise means comparisons
which were made for each of the variables of interest.
P< 0.05 was considered significant.
Results
Separation analysis
One hundred and eighty four patients underwent fenes-
trated or branched endovascular grafting between August
2001 and August 2005. Patients who did not have complete
digital follow-up (nZ 44) or died before their one year fol-
low-up (nZ 19) were excluded. Patients treated (primarily
during the early phase of the trial) with a non-tubular
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were patients whose tubular component was not coupled
to a bifurcate component (nZ 3). The remaining 106 pa-
tients made up the study group and had a mean follow-up
21 months.
Fourteen (13%) patients had evidence of component
movement of 10 mm or greater on CLF analysis. These are
detailed in table 1. Of these twelve had fenestrated grafts
and 2 had visceral branched grafts. The range of movement
in these patients was from 11 to 42 mm. When the overlap
segment was examined in all patients, eight patients were
noted to have less than 2 stents overlap (Fig. 7) e all of
whom had component movement in excess of 10 mm.One
of the eight patients presented with a ruptured aneurysm
secondary to complete component separation and died fol-
lowing conversion to open repair at another institution.
Seven other patients in the group with component move-
ment had secondary interventions. Four were done to
address the component separations detected during routine
follow-up. All had extension stentgrafts placed, and two
had palmaz stents placed as well. Interestingly, one of
the patients who had inter-component movement had
a proximal type 1 endoleak on his pre-discharge CT scan,
which was treated with two Palmaz stents, one immedi-
ately distal to the renal stents, and the other covering
the overlap region between tubular and bifurcate compo-
nents. The component movement occurred between 2
and 4 years follow-up visits despite the presence of the pal-
maz stent in the overlap region. Non-component separation
related interventions included a single patient who devel-
oped a renal artery occlusion (unrelated to device migra-
tion) two months post-operatively which was treated with
recanalization and placement of an additional renal stent.
The recanalized renal has remained patent throughout fol-
low-up. Two patients developed type 3 endoleaks originat-
ing from superior mesenteric artery branched grafts (one at
5 days post-operatively and the other at 2 months) e which
were both successfully treated with additional stentgraftsFigure 7 Surface rendered image depicting extensive thora-
coabdominal branched stent with reduced overlap between
stent components.in the visceral artery. All secondary interventions other
than the rupture described above were performed by en-
dovascular techniques without subsequent morbidity or
mortality.
Additional analyses
Mean aneurysm size at implantation in the patients with
component movement was slightly larger at (67 versus.
64 mm, pZ 0.55) then patients without component move-
ment. There were a total of 29 endoleaks (6 type 1, 17
type 2, and 6 type3) at any time in the 106 patients studied.
Endoleaks occurred in 7 of the 14 (50%) patients who had
component movement and 22 of 92 (24%) patients without
movement. There were 35 secondary interventions in the
106 patients over the study period. There were 7 branch
occlusions or stenoses requiring re-intervention during fol-
low-up e 6 in patients without component movement and
one in those with component movement. Three of these
were detected within 6 months of the initial procedure, 3
at 12 months out and 1 at 24 months follow-up. When con-
trolling for all of the other variables there were no signifi-
cant relations between the presence of separation and
AAA Size (pZ 0.55), endoleak (pZ 0.16), secondary proce-
dure (pZ 0.47), branch occlusion (pZ 0.64), or migration
(pZ 0.61).
When applying the mathematical algorithm described
above to the pre-discharge (post-implantation) CT scan
images of the entire patient population, 38% of the treated
cohort were calculated to be at risk for component
separation (i.e. they may not have enough overlap to
maintain 2 stent overlap assuming maximal morphologic
device changes). All 8 patients found to have <2 stents
overlap after component movement were included within
this group. Thus, the negative predictive value of the
equation was 100% for component separation. The scans
of all patients with component movement were examined
to evaluate the direction of stent-graft movement ein all
cases bar one the movement was anterior in direction. In
this case a very minute amount of lateral movement was
noted (1 mm of lateral movement, compared with 15 mm of
movement anteriorly). In all cases the movement of the
graft was primarily in one direction and there were no com-
plex ‘twisting’ movements.
Discussion
The introduction of fenestrated and branched devices has
extended the ability to perform endovascular repair into
the thoracoabdominal aorta.4,5,11,16 This is at the expense
of increased complexity and continued assiduous follow-
up. The potential for long term failure has always been
the Achilles heel of any endovascular aneurysm repair.
However, identifying late modes of failure and addressing
them, particularly by endovascular means, will diminish
the long term morbidity and mortality and allow translation
of the excellent short term results into long term success.
The three principle modes of late failure specific to the en-
dovascular device include migration, integrity issues and
component separation. Type 3 endoleaks, as a result of
component separation are considered to be relatively
Figure 8 Surface rendered CT scan demonstrating branch
vessel stenosis secondary to a crushed stent in a fenestration.
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repair, with a reported incidence of less than 1%.17 There-
fore, although important if it occurs, clinically significant
component movement with standard devices is relatively
scarce.
We have devised a new method of describing inter-
component relationships in a device that is multi-modular
in nature. This concept is not unique to fenestrated and
branched devices, but is also applicable to thoracic endo-
vascular repairs, where similar inter-component relation-
ships exist. Based upon an understanding of the patients
baseline anatomy, assuming the aneurysm does not grow,
a ‘worst case scenario’ can be modeled to determine which
patients may ultimately be at risk for separation. Conse-
quently, we developed an algorithm to predict the amount
of overlap required to prevent complete component sepa-
ration in a given patient. We recognize that the formula
was applied to this group retrospectively. However, the
assumptions used for the creation of the formula were
applied to the entire patient cohort, and appear to be both
valid and accurate. The assumption that minimal lateral
stent graft movement will occur, in contrast to anterior-
posterior movement, was supported by the observations in
this study. Given that the stentgraft is constrained by the
aneurysm sac and (in the absence of sac expansion) cannot
separate indefinitely, such an algorithm will predict all of
those patients at risk. The positive predictive value of the
algorithm is low (20%). This could be suggested as a limita-
tion in its clinical usefulness. However given that repeated
assessment for component separation involves considerable
time and expertise, the ability of the algorithm to identify
a considerable cohort who are not at risk is useful.
Early in our experience with fenestrated grafting the
tubular and bifurcated components were overlapped by at
least two stents. Patient specific device designs evolved in
an effort to mitigate the displacement forces on the
component which incorporates the visceral vessels as well
as to limit the matrix of production for a given manufac-
turer. In general, the intention of the design is to extend
the proximal tubular component length to span from the
proximal sealing zone to 20e25 mm above the iliac bifurca-
tion, allowing for the majority of the infra-renal sac length
to serve as overlap for the modular components. Patients
with overlap <2 stents in length were asked to return for
evaluation, and if deemed physiologically capable of toler-
ating a secondary intervention, underwent one to lengthen
the overlap segment. Patients who had large degrees of
overlap built into their device continue to be surveyed for
additional component movement using CLF analysis. This
analysis serves as a further indication of the importance
of preoperative planning and also careful 3 dimensional fol-
low-up with center-line of flow analysis. This type of mod-
ular disruption would be challenging to detect using
measurements on standard axial imaging studies. The single
mortality attributed to component separation draws atten-
tion to this problem, yet no other clinical event were noted
as a result of inter-component movement. The fact that it
was not possible to link factors such as aneurysm size, en-
doleaks or requirement for secondary interventions with
the presence of component separation provides some evi-
dence that there are no clear surrogate markers indicating
increased risk. However, the relatively small sample size ofthis study precludes firm conclusion as it is possible that
type 2 error could exist with such calculations. The algo-
rithm we have developed may prove useful in this regard.
One might suggest that this problem could be obviated
by simply making the joint between the tubular and
bifurcate component stronger thereby preventing compo-
nent separation e by an alteration in the manufacturing of
the device, using a balloon expandable stent to strengthen
the joint (although this was not failsafe in our experience),
or the creation of a locking mechanism. We would suggest
that this is inadvisable. We view the ability to have inter-
component movement as beneficial in that it allows the
graft to conform to the patients anatomy, thereby acting to
uncouple the caudad force on the bifurcate component
from the fixation system of the tubular component in-
corporating the visceral branches. At an anecdotal level,
we have noted that in at least one case, where a palmaz
stent was used to strengthen the joint, that component
movement did not occur, but that a branch vessel stenosis
(Fig. 8) occurred because the entire graft, including the
fenestrated component migrated caudally approximately
5 mm, possibly because the strengthened joint did not al-
low inter component movement. So, component movement
may be beneficial to mitigate the risk of migration of the
proximal component involving the visceral segment, pro-
vided sufficient overlap is present to keep the device within
the recommended limits (2 stent overlap). This may also ex-
plain the low rate of branch vessel loss as a result of migra-
tion in our series.
In most cases where inter-component movement was
noted, the prosthesis tended to bow forwards to reside
along the anterior wall of the aneurysm sac (Figs. 4 and 5).
Once in this position, it is hard to postulate that further
movement will ensue. Therefore it is likely that, because
of the constraining sac, only limited amounts of separation
can occur. A four stent overlap (equivalent to approx.
76 mm) is in excess of the greatest degree of separation ob-
served in this study and should protect from any adverse
consequences. This is achievable in most patients.
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nents has considerable advantages. By separating the bi-
furcate segment from the visceral component, the ability to
induce longitudinal and rotational changes during visceral
vessel cannulation is facilitated. The most important aspect
of this phenomenon is that it is taken into account during the
initial repair by aiming for the maximum amount of compo-
nent overlap (by the use of a long tubular component) e not
to make the joint stronger but to allow for some degree of
separation to occur without the potential for leak.
Conclusions
Component separation has the potential to result in
complete disruption of the stent-graft construct with re-
pressurization of the aneurysm sac. However, the current
overlapping format of the graft also has the potential to
mitigate the effects component migration and thereby
protect branch vessels. Careful follow-up including analysis
for component movement and separation to less than 2
stents overlap using three dimensional analysis techniques
is vital. When such events are noted, the application of
mathematical analysis of aneurysm morphology data
coupled with stent graft path information will identify
patients that are at risk for true component separation,
allowing such patients to undergo early elective endovas-
cular intervention.
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